As part of research exploring the feasibility of using antibody fragments to inhibit the growth of organisms implicated in dandruff, we isolated antibody fragments that bind to a cell surface protein of Malassezia furfur in the presence of shampoo. We found that phage display of llama single-domain antibody fragments (VHHs) can be extended to very harsh conditions, such as the presence of shampoo containing nonionic and anionic surfactants. We selected several VHHs that bind to the cell wall protein Malf1 of M. furfur, a fungus implicated in causing dandruff. In addition to high stability in the presence of shampoo, these VHHs are also stable under other denaturing conditions, such as high urea concentrations. Many of the stable VHHs were found to contain arginine at position 44. Replacement of the native amino acid at position 44 with arginine in the most stable VHH that lacked this arginine resulted in a dramatic further increase in the stability. The combination of the unique properties of VHHs together with applied phage display and protein engineering is a powerful method for obtaining highly stable VHHs that can be used in a wide range of applications.
In the human scalp there is a very complex balance among many microorganisms. One of these organisms, Malassezia furfur, is an anthropophilic fungus that belongs to the physiological skin flora. Increased turnover of M. furfur has been implicated in the formation of dandruff (6, 11, 38, 42) and other skin diseases, such as psoriasis (1) . Significantly, more M. furfur was found on the scalps of people with dandruff than on the scalps of people without dandruff (34, 39) . Reductions in the numbers of M. furfur cells on the scalps of dandruff sufferers resulted in a decrease in the severity of the dandruff (32) .
To date, the treatment and/or prevention of dandruff has involved the use of chemical antifungal compounds in shampoos (23) , compounds such as ketoconazole (33) , selenium sulfide (6) , cyclopyrox olamine, piroctone olamine, zinc pyrithione, and sulfur-containing substances (38) .
Here we describe a novel approach for preventing the formation of dandruff by inhibition of M. furfur with antibodies. For successful use of antibodies in consumer goods they must meet certain requirements regarding cost of production, specificity, affinity, and especially stability under application conditions.
Camelid heavy-chain antibodies have been shown to have great potential in many biotechnological applications (9, 13, 25, 43) because of their unique characteristics involving production, folding, and stability (12, 30) . They lack light chains, and therefore the variable domain of the heavy chain (VHH) is the single binding domain (14) . The simple, one-domain structure of these VHHs give them unique characteristics, but they have properties with regard to specificity and affinity that are similar to the properties of conventional antibodies (41) .
Furthermore, the extralong protruding third binding loop (CDR3) of VHHs is considered an advantage for efficient inhibition of enzymes and small organisms (7, 8, 9, 20) . Therefore, VHHs are good candidates for antibody-mediated delivery of antidandruff agents or even direct neutralization of M. furfur.
The objective of this study was to select a series of VHHs that are functional in application conditions and could be used in shampoo for the prevention of dandruff. Phage display is a method commonly used for selection of specific antibody fragments under laboratory conditions (17) .
Below we describe selection of VHHs specific for the M. furfur cell surface protein (Malf1) via phage display with the high concentrations of nonionic and anionic surfactants present in shampoos, such as Andrelon and Organics. We also show the importance of a basic amino acid at position 44 for the stability of these antibodies.
MATERIALS AND METHODS

Strains and growth media. Escherichia coli strain TG1 [FЈ traD36 lacI
q ⌬(lacZ)M15 proA ϩ B ϩ /supE ⌬(hsdM-mcrB)5 (r k Ϫ m k Ϫ McrB Ϫ ) thi ⌬(lacproAB)] was used for phage and plasmid production. This strain was grown in 2TY medium (1.6% tryptone, 1% yeast extract, 86 mM NaCl) with 100 g of ampicillin per ml and/or 2% (vol/vol) glucose when appropriate.
VHHs were produced in Saccharomyces cerevisiae VWK18 gal1 (36) as described previously (40) . Briefly, individual S. cerevisiae colonies were transferred to test tubes containing selective minimal medium (0.7% yeast nitrogen base, 2% glucose) and were grown for 24 h at 30°C. Subsequently, the cultures were diluted 10-fold in YP medium (1% yeast extract, 2% Bacto Peptone [Difco], 2% glucose) supplemented with 2% galactose for induction. After 48 h of induction with galactose, the cells were harvested by centrifugation. Antibody fragments were purified with a 5-ml protein A column (Hi-Trap; Pharmacia) or with TALON (Clontech) by using the His tag according to the manufacturer's protocol.
The M. furfur extract was obtained from John Whitley of the Karolinska Hospital in Stockholm, Sweden. Preparation of this extract has been described by Zargari et al. (44) . Recombinant Malf1 (rMalf1) was produced from E. coli JM109-DE3 that was grown overnight at 37°C in 2TY medium and then diluted 100-fold in 2TY medium and grown to an optical cell density at 600 nm (OD 600 ) of 0.6. Protein production was induced with 1 mM (final concentration) isopropyl-␤-D-thiogalactoside (IPTG) (Roche Diagnostics), and production was continued for 2 h at 37°C. Cells were harvested, and rMalf1 was purified from inclusion bodies by using standard protocols (37) . Induction of a humoral immune response in llama. A llama was immunized subcutaneously and intramuscularly with an extract of M. furfur and with rMalf1 in an oil emulsion (1:9 [vol/vol] antigen in phosphate-buffered saline [PBS]-Specol) (2) . Immunizations were performed by using the following time schedule: the second immunization was performed 3 weeks after the first injection, and the third immunization was performed 2 weeks after the second immunization. In each immunization round 0.75 to 1.5 ml of a water-in-oil emulsion containing 1 mg of M. furfur extract or 200 g of rMalf1 protein was injected. The immune response was monitored by titration of serum samples by an enzyme-linked immunosorbent assay (ELISA) with rMalf1 immobilized on Nunc Maxisorb plates (the coat solution contained 5 g of rMalf1 per ml diluted in PBS [100 l/well]). Subsequently, wells were blocked with 4% Marvel in PBS (2 mM NaH 2 PO 4 , 13 mM Na 2 HPO 4 , 150 mM NaCl; pH 7.4) (200 l/well) and incubated with serum dilutions in 0.15% Tween 20-PBS. The bound llama antibodies were detected with polyclonal rabbit anti-llama immunoglobulin G (R906, ID-DLO) in 0.15% Tween 20-PBS (100 l/well) (obtained by immunizing rabbits with llama immunoglobulins purified with ProtA and ProtG columns) and swine anti-rabbit immunoglobulins (Dako) conjugated to horseradish peroxidase (in 0.15% Tween 20-PBS; 100 l/well). Finally, the peroxidase enzyme activity was determined with tetramethylbenzidine and urea peroxide as the substrates. After termination of the reaction by addition of 50 l of 1 M H 2 SO 4 , the optical density at 450 nm was measured.
Isolation of VHH fragments. A blood sample (about 200 ml) was taken from an immunized llama. An enriched lymphocyte population was obtained by centrifugation on a Ficoll (Pharmacia) discontinuous gradient. Total RNA was isolated from these cells by acid guanidium thiocyanate extraction (5). After first-strand cDNA synthesis by using Moloney murine leukemia virus reverse transcriptase (Gibco-BRL) and random oligonucleotide primers (Pharmacia), DNA fragments encoding VHH fragments and part of the long or short hinge region were amplified by PCR by using the following specific primers: V H -2B (AGGTSMARCTGCAGSAGTCWGG, where S is C or G, M is A or C, R is A or G, and W is A or T), Lam-07 (AACAGTTAAGCTTCCGCTTGCGGCCG CGGAGCTGGGGTCTTCGCTGTGGTGCG) (short hinge), and Lam-08 (AA CAGTTAAGCTTCCGCTTGCGGCCGCTGGTTGTGGTTTTGGTGTCTTG GGTT) (long hinge). The DNA fragments generated by PCR were digested with PstI (coinciding with codons 4 and 5 of the VHH domain, encoding amino acids L and Q; site underlined in the sequence of primer V H -2B) and HindIII (site underlined in primers Lam-07 and Lam-08). The digested PCR products, which were between 300 and 400 bp long (encoding the complete VHH domain but lacking the first and last three codons), were separated by electrophoresis on agarose gels and, after purification from the gel slices with a Qiaex-II extraction kit (QIAGEN), cloned (PstI/HindIII) in the phage display vector pUR4676. This vector was derived from pHEN1 (16) by insertion of the lacI gene and construction of a His 6 tag behind the Myc tag.
Selection of VHHs binding to Malf1. Phage display libraries were created from RNA isolated from two different bleeds. One library was created from blood taken after three immunizations with the M. furfur extract, and the other library was created from blood obtained after six immunizations with the recombinant Malf1 protein. Each library was composed of two sublibraries, one containing DNA fragments derived from short-hinged antibody fragments and one derived from long-hinged antibody fragments (26) . After phage production from each of the four sublibraries (M. furfur extract long hinged, M. furfur extract short hinged, rMalf1 long hinged, and rMalf1 short hinged), phages were isolated and pooled.
A display library with 10 7 clones, 75% of which were estimated to contain a complete VHH-encoding insert (results not shown), was constructed in phagemid vector pUR4676. Phage particles expressing VHH fragments were prepared by infection of E. coli TG1 cells harboring the phagemid with helper phage VCS-M13 (Pharmacia). Free VHHs were removed by precipitation of phage from the culture supernatant with polyethylene glycol 6000, thereby avoiding competition for binding to antigen between phage-bound and free VHH domains. One hundred microliters of phage in 2% Marvel was incubated for 1 h in a Maxisorp tube with immobilized rMalf1. After 20 washes with 200 l of PBS, the phage particles complexed to rMalf1 via their exposed VHHs were eluted with a pH shock (100 l of 0.1 M triethylamine, pH 10.0). This phage population, which was enriched for Malf1 binders, was rescued by infection of E. coli host cells (21) . Individual E. coli clones were grown in wells of microtiter plates, and the production of VHHs was induced by addition of IPTG (0.1 mM). Culture supernatants containing free VHHs were tested in ELISA experiments for rMalf1 binding by using the Myc tag for detection. OD 450 values of Ͼ0.2 (twice the background value) were considered positive for binding to Malf1.
Selection of VHHs binding to Malf1 via phage display under application conditions. The shampoo stability of Malf1 in the ELISA was tested by incubating plates with various concentrations of shampoo 1 (10 to 40% Andrelon) and shampoo 2 (2 to 20% Organics). After washing, all of the ELISA plates were still immunoreactive.
VHH selection under application conditions was performed in the presence of 2 to 40% (vol/vol) shampoo 1 and in the presence of 2 to 20% (vol/vol) shampoo 2. The chemical compositions of these shampoos are available in the supplemental material at http://www.cmbi.kun.nl/articles_ext/. Dilutions of shampoo were made in PBS with 0.1% (wt/vol) Marvel and 0.05% (vol/vol) Tween 20. Selection was performed as described above. Individual E. coli clones were grown, and the production of VHH was induced by addition of IPTG (0.1 mM). Culture supernatants containing free VHHs were tested in ELISA experiments with 10% shampoo 1 or 2% shampoo 2 for binding to rMalf1 by using the Myc tag for detection. OD 450 values of Ͼ0.2 were considered positive for binding to Malf1.
ELISA. Maxisorp plates were coated overnight with 10 g of rMalf1 in 100 l per well at 4°C. The plates were blocked with 200 l of 4% Marvel in PBS. Equal amounts of purified VHH (0.33 to 3.3 M) were incubated for 1 h at room temperature in 2% Marvel-0.05% Tween 20 in PBS or in the desired concentration of shampoo 1, shampoo 2, urea, or guanidine HCl diluted in PBS-0.5% Marvel-0.05% Tween 20 (100 l/well). After the plates were washed with PBS-0.05% Tween 20, they were incubated with polyclonal rabbit anti-llama immunoglobulin G and swine anti-rabbit immunoglobulins (Dako) conjugated to horseradish peroxidase (in 0.05% Tween 20-PBS; 100 l/well). Finally, the peroxidase enzyme activity was determined with tetramethylbenzidine and urea peroxide as substrates. The optical density at 450 nm was measured after termination of the reaction by addition of 50 l of 1 M H 2 SO 4 . All experiments were performed at least in duplicate, and typical results are shown below.
Construction of the mutants. Mutants of VHH-A7 and VHH-D12 were created with PCR by splicing by overlap extension (15) . Briefly, complementary primers with nucleotides substituted in order to generate Arg44, Lys44, or Glu44 were used in a two-step PCR to generate DNA fragments containing the desired mutations. The PCR products were digested with restriction enzymes and cloned into the original vector. The correctness of the mutated genes was confirmed by sequence analysis. All numbers and complementary determining region (CDR) designations were assigned as described by Kabat et al. (18) .
Surface plasma resonance. The binding affinities of the VHHs were determined by using a Biacore 3000 (Biacore AB, Uppsala, Sweden) in combination with a CM5 sensor chip (Biacore). Approximately 2,500 response units of rMalf1 was immobilized on different flow cells, and different concentrations of VHHs (5, 25, 50, 250, and 500 nM) were injected at a flow rate of 30 l/min. Association was measured for 3 min, and dissociation was measured for 15 min. Regeneration was achieved by washing with 10 mM HCl for 3 min. K d values were calculated by using the BIAevaluation software.
Crystallization conditions. VHH-OE7 was purified from crude yeast culture broth by affinity chromatography by using a 5-ml protein A-Sepharose FF column (Pharmacia). Crystals of VHH-OE7 were obtained in 10% polyethylene glycol 6000-100 mM HEPES (pH 7.3)-5% 2-methyl-2,4-pentane diol (MPD) by using the vapor diffusion method. One drop was obtained from 1 l of protein at a concentration of 11 to 15 mg/ml and 1 ml of reservoir solution. The VHH-OE7 crystals belonged to trigonal space group P3 2 21 with the following unit cell dimensions: a ϭ b ϭ 71.40 Å and c ϭ 74.84 Å . They contained one molecule per asymmetric unit giving (assuming a molecular mass of 12,500 Da) a Vm ϭ 4.4 Å 3 /Da, which corresponded to a solvent content of 72% (22) . Crystals were cryoprotected with 7% MPD and flash frozen at 100 K.
Data collection and processing. Data at a 2.2-Å resolution were collected on the ID14-EH2 beamline (ESRF, Grenoble, France) by using a charge-coupled device detector ( ϭ 0.9326 Å ). The data were indexed and integrated by using Denzo (28) and were scaled by using SCALA, and structure factor amplitudes were calculated by using TRUNCATE (4) . The data processing statistics to a resolution of 2.2 Å are shown in Table S1 in the supplemental material (http:// www.cmbi.kun.nl/articles_ext/).
Phasing, model building, and refinement. The crystal structure of the llama VHH-OE7 fragment (PDB 1SJX) was solved by the molecular replacement method with the AmoRe program (27) by using the llama HC-V fragment (PDB code 1HCV) as the search model. A solution giving a correlation coefficient of 0.45 and R factors of 40% was obtained, and the electron density map obtained was readily interpretable.
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Preliminary refinement was performed with Crystallography and NMR System software (3) and the high-resolution (2.2-Å ) data set by using bulk solvent correction and standard CNS protocols. Cycles of unrestrained, maximum-likelihood refinement and total least square refinement with REFMAC (4) were alternated with manual inspection of the model by using the program TurboFrodo (35) . Final refinement data are summarized in Table S1 in the supplemental material (http://www.cmbi.kun.nl/articles_ext/).
The complete model has an R work of 19% and an R free of 20.6% (see Table S1 in supplemental material [http://www.cmbi.kun.nl/articles_ext/]). The stereochemistry was analyzed with Procheck (19) , which indicated that 95% of the residues were in the most favorable region and 5% were in the additionally allowed region.
A comparison with other VHHs was performed by using VHH-R2 (anti-RR6; PDB 1QD0), VHH-R9 (anti-RR6; PDB 1SJV), Car24 (PDB 1U0Q), Amy-B07 (antiamylase; PDB 1KXT), Amy-D08 (antiamylase; PDB 1KXQ), and Amy-D10 (antiamylase; PDB 1KXV).
RESULTS
Initial selection of VHHs that can bind to Malf1.
A VHH phage display library with 10 7 clones was created from the blood of a llama immunized with Malf1. The results of two rounds of phage display with this library obtained by using Malf1 for selection and PBS buffer in the binding step are shown in Table 1 . The second round consisted of three parallel selections performed with the output of experiment C of the first step.
Nearly 200 monoclonal VHHs were expressed, and the Malf1 binding of these fragments was tested in ELISA experiments. The percentages of VHHs capable of binding to Malf1 were determined (Table 1) . Ten VHHs were selected and tested for Malf1 binding under application conditions. Figure  1A shows that all of the VHHs selected could bind to Malf1 in PBS. Figures 1B and C show that only one VHH could bind to Malf1 in shampoo.
Phage display in shampoo. In order to isolate VHHs that are able to bind to Malf1 in shampoo, two more rounds of selection were performed in the presence of shampoo. The first round was started with the output of experiment C (Table 1) .
Monoclonal VHHs from these selections were expressed, and the Malf1 binding of these VHHs was tested in the respective shampoos (Table 2 ). Ten positive VHHs were picked from experiment F2 (2% shampoo 2), and 10 positive VHHs were picked from experiment G3 (10% shampoo 1) . These 20 VHHs were tested for binding to Malf1 in PBS and in the shampoo used for selection (Fig. 2) . Eight of the 10 shampoo 1-selected VHHs and 8 of the 10 shampoo 2-selected VHHs bound to Malf1 equally well in the respective shampoos ( Fig.  2C and D) . In both cases one VHH bound significantly worse, and one VHH bound significantly better. All but one shampooselected VHH could bind to Malf1 in PBS ( Fig. 2A and B) , indicating that the shampoo-selected VHHs did not require shampoo for binding. a Phage titers were calculated from the number of colonies resulting from elution of the phages and subsequent infection of these phages. Enrichment was calculated by comparing the number of colonies to the negative blank (no coating).
b NA, not applicable.
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bound to Malf1 in up to 5% shampoo 2. The one PBS-selected VHH that could bind to Malf1 in shampoo did so as well as the shampoo-selected VHHs except that it bound at higher concentrations of shampoo 1 (data not shown). For unknown reasons, it was easier to select for VHHs that could bind to Malf1 in high concentrations shampoo 1 than it was to select for VHHs that could bind to Malf1 in high concentrations of shampoo 2. We therefore concentrated on shampoo 1 during the remainder of our research. This choice was mainly based on the fact that high concentrations (i.e., 10 to 25%) of shampoo are used in application conditions.
Crystal structure. The crystal structure of a shampoo-selected VHH (VHH-OE7; PDB 1SJX) was determined in order to investigate whether the structure of the shampoo-selected VHHs was different from that of VHHs selected under physiological conditions. The VHH-OE7 structure is similar to that of other VHHs, except for the three complementary determining regions (Fig.  3A) . In particular, loop 39-45 has a very well conserved conformation (Fig. 3B ). The precise epitope of VHH-OE7 is unknown. In the crystal structure, however, two crevices were identified close to the CDRs. The first crevice is located on top of the VHH (Fig. 4A) , between CDR1 and CDR2, and contains a serendipitous MPD molecule from the crystallization liquor. The second crevice, located on the VHH side between CDR1 and CDR3 and close to the beginning of CDR2 (Fig.  4B) , also contains an MPD molecule. Above these two crevices, two stretches of residues formed by CDR1 and CDR3 protrude from the VHH body. These stretches are positively charged (Fig. 4C) , since they contain Arg 30, Arg 97, and Arg 99, as well as His 98 (Fig. 4C) .
The conformation of the 38-45 loop is very well conserved, irrespective of the residues at position 44. Gln44 points toward the solvent in VHH-OE7, as well as all the side chains in the other VHHs. This Gln is also present in VHH-R9, but in VHH-R2, Car24, Amy-B07, and Amy-D08 there is a Glu residue at position 44 and in Amy-D10 the amino acid at position 44 is Gly. With the exception of Amy-B07, which has a Cys residue forming a disulfide bridge with its CDR3 (8), there is an arginine at position 45. None of these substitutions, however, influences the loop or the framework conformations.
Sequence analysis. The shampoo 1-selected VHH-D12 bound to Malf1 significantly better at high shampoo concentrations than the 29 other VHHs tested, but the binding of this VHH to Malf1 in PBS was similar to that of all other VHHs. This suggests that VHH-D12 has one or more mutations that are beneficial for Malf1 binding in shampoo. Furthermore, PBS-selected VHH-A7 was the only VHH selected in PBS that was able to bind to Malf1 in shampoo. This suggests that VHH-A7 also has one or more mutations beneficial for Malf1 binding in shampoo. The sequences of these VHHs, six PBSselected Malf1-binding VHHs, and 11 shampoo-selected Malf1-binding VHHs were determined (Fig. 5) .
Not surprisingly, the variability among the PBS-selected sequences was considerably higher than the variability among the shampoo-selected sequences, especially in the CDRs (Fig. 5) . The CDRs of the shampoo-selected VHHs were on average more hydrophilic than the CDRs of the PBS-selected VHHs. This suggests that the hydrophobic tails of the soap-like shampoo components might shield interactions of antibodies that recognize more hydrophobic epitopes.
The sequence comparison revealed five positions where VHH-D12 differs from a significant number of the other shampoo-selected VHHs (Fig. 5) . Three of these positions are located in the antigen binding loops (CDRs), which make them poor candidates for further analysis in mutation studies, because it is likely that these mutations also (negatively) affect the binding affinity. Two of these positions, R44 and K75, are located in the framework. In 684 VHH sequences, determined in unrelated experiments with llama antibody fragments, arginine occurs at position 44 only seven times, whereas lysine was observed at position 75 in 528 VHHs. This suggests that R44 might be (partially) responsible for the good Malf1 binding in shampoo. To study this effect further, the residues at position 44 in VHH-D12 and VHH-A7 were exchanged. Figure 6 shows the Malf1 binding of wild-type VHH-A7 and VHH-D12 and the VHH-A7-Q44R and VHH-D12-R44Q mutants. There was a clear correlation between the presence of arginine at position 44 and Malf1 binding. However, this effect was much stronger in shampoo than in PBS.
To investigate whether the stability caused by R44 was shampoo specific or more general, the Malf1 binding of the four VHHs shown if Fig. 6 was tested in the presence of guanidine HCl and urea (Fig. 7) . In both denaturants the Malf1 binding was better for the R44 variants than for the Q44 variants. With the exception of VHH-A7-Q44R, which bound Malf1 in 3.5 M urea, binding was not observed at guanidine HCl concentrations greater than 2 M or at urea concentrations greater than 2.5 M.
To exclude the possibility that differences in affinity for Malf1 caused the enhanced binding of the VHHs containing R44, binding affinities were determined by performing surface plasma resonance experiments. VHH-D12 and VHH-D12-R44Q showed identical affinities for Malf1 (75 and 73 nM, respectively). This indicates that differences in affinity alone cannot explain the change in binding capacity in shampoo. However, the affinities of VHH-A7 and VHH-A7-Q44R (150 and 15 nM, respectively) indicate that there might be a role for position 44 in binding to Malf1.
In order to shed light on the enhanced Malf1 binding of VHH variants with arginine at position 44, we also produced the variants VHH-A7-Q44K and VHH-D12-R44K. Arginine and lysine both are positively charged residues, so these variants could indicate if the enhanced Malf1 binding in shampoo is caused by the introduction of a positive charge or by specific characteristics of arginine. Lysine and arginine are structurally comparable; however, arginine has a relatively rigid side chain, whereas lysine has a relatively flexible side chain. At pH 11, arginine is expected to be positively charged, whereas lysine is expected to be only partially charged at this pH. Figure 8 shows that the Malf1 binding of the Q44, K44, and R44 VHH variants was significantly reduced at pH 11 in both PBS and shampoo 1. This was not unexpected, as proteins tend to be less stable at this pH. At pH 11 the R44 variants still bound to Malf1 very well in 10% shampoo 1, while the Malf1 binding of the K44 variants was reduced by a factor of about 2. In PBS, on the other hand, the reductions in the binding of Malf1 were about the same for all four variants. This experiment strongly suggests that the enhanced Malf1 binding in shampoo was caused by the introduction of a positive charge at position 44.
DISCUSSION
Phage display was successfully performed for isolation of Malf1-specific VHH antibody fragments. Although many VHHs showed binding to Malf1 under physiological conditions, most of them did not bind to Malf1 in the presence of shampoo. As Malf1 binding is also strongly reduced in the presence of denaturants such as urea or guanidine HCl, it seems likely that stability of the VHH is the main determinant for Malf1 binding.
We used phage display in shampoo to select a series of VHHs that are functional in shampoo. It has been observed many times that mutations that protect a protein against one type of external stress also protect the protein against other forms of external stress (10, 29) . Indeed, the VHH variants that were selected for stability in shampoo also showed enhanced resilience in the presence of urea and guanidine HCl. It was possible to perform phage display in the presence of high concentrations of shampoo to select VHHs that can function well in shampoo. It was surprising that this procedure worked under such harsh conditions without any major modifications to the standard phage display protocols. The growing interest in industry for antibody-based applications has generated a demand for rapid selection and isolation of antibody fragments which have high affinity and are stable in the environment in which they should perform their function. Antibodies are often used as therapeutics and should be functional in the gastrointestinal tract with proteases and at low pH (31) . Addition of proteases and low pH to the selection procedure could increase stability under gastrointestinal conditions.
In this study we showed that selection pressure can improve VHH performance in a predictable direction. This could eradicate time-consuming improvement of antibody fragments by mutagenesis (24) .
Phage display helped us detect a series of VHHs with enhanced binding properties. The variability within the sequence families provides a good impression of the possible motifs involved in protein stability and binding. Multiple-sequence alignment analyses of VHH families can reveal potent sites for directed mutagenesis experiments that can either explain the observations or further improve the VHH variants obtained.
From the analysis of the sequences of 12 shampoo-selected VHHs and seven PBS-selected VHHs, we concluded that an arginine at position 44 is important for VHH functioning in shampoo. This was confirmed by mutagenesis studies. Introduction of a lysine at position 44 had equally beneficial effects, indicating that the positive charge is more important than arginine-specific characteristics. This is somewhat surprising in light of the observation that lysine was never observed at position 44 in the VHH variants analyzed in this study and was observed only four times in 684 VHH variants isolated in previous selection studies that had no relation to shampoo. Thus, even though selection by phage display can quickly pro- FIG. 5 . Sequences of VHHs selected in the presence of PBS or in the presence of shampoo. S1 to S9 are VHHs that bind to Malf1 well in shampoo 1, and S10 and S11 bind well in shampoo 2. P1 to P6 bind to Malf1 well in PBS. VHH-D12 is the best shampoo-selected Malf1 binder in shampoo, and VHH-A7 is the best PBS-selected duce good VHH variants, classical mutagenesis work can still add more information.
There was no significant difference in affinity for Malf1 between VHH-D12 and VHH-D12-R44Q. Although there was a significant difference in affinity for Malf1 between VHH-A7 and VHH-A7-Q44R, it is unlikely that this was the sole reason for the increased binding observed. This conclusion was supported by investigation of the crystal structure of a shampooselected VHH. Loop 38-45 is very well conserved in all VHHs, including VHH-OE7, which makes it unlikely that mutation at position 44 is involved in Malf1 binding. However, it is still possible that mutations at this position have an influence on the position and flexibility of the CDR loops and thereby affect binding.
The influence of the Gln3Arg mutation is most probably an electrostatic effect. This conclusion is supported by the fact that a lysine residue induces the same stabilization effect. Indeed, one should keep in mind that the harsh medium in which the llama antibodies are raised contains a high concentration of negatively charged molecules. This fact might explain the charged apex CDR1 and CDR3 of VHH-OE7, as well as the positive effect of the framework mutation. The fact that this residue is barely observed as a naturally occurring residue indicates that there was selection of a rare subpopulation of VHHs, induced by the harsh medium conditions. The final goal of our project is the production of VHHs that can be added to shampoo to reduce dandruff. We produced VHHs that can bind to Malf1 under realistic shampoo conditions. Whether this binding also leads to inhibition of growth of M. furfur on the scalp is still to be proven. Even if this were not the case, the VHHs can still be used to deliver antidandruff agents to the surface of M. furfur.
